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The native form of turkey liver fructose 1,6-bisphospha-
tase (FbPase) consists of four identical subunits, each of
which contains one tryptophan residue. The fluorescence
emission spectra of the tryptophan residues have been recorded
as a function of changes in pH, substrate (fructose 1,6-
bisphosphate) and inhibitor (adenosine-5! monophosphate)
binding, and the addition of the metal cofactors Mg+2, Mn+2
and Co . Changes in the fluorescence emission spectra of
the tryptophan residues indicate that conformational changes
in the enzyme occur under the above conditions.
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INTRODUCTION
Fluorescence is becoming a widely used analytical tech
nique in the study of enzymes for three reasons: simplicity,
preciseness, and the ability to reveal changes in the fluoro-
phore's environment which cannot be observed by other
techniques. A spectrofluorometric study of the tryptophanyl
residues in fructose 1,6-bisphosphatase (FbPase) can reveal
important information concerning conformational changes of
the enzyme.
FbPase has been recognized as an important site of regu
lation for both glycolysis and gluconeogenesis. The enzyme
can be isolated from rabbit liver in two homogeneous forms
that differ from each other with respect to functional and
molecular parameters (1-3). The alkaline form of the enzyme
was isolated by Gomori (4) with optimum activity at pH 9.2 and
a molecular weight of 130,000 (5). This form of the enzyme
contains no tryptophan residues. The native form of the en
zyme, which is characterized by a pH optimum in the neutral
range and by an increased sensitivity to inhibition by adeno-
sine-5' monophosphate (AMP), has a molecular weight of
approximately 143,000 (2,3). This form of the enzyme has been
found to contain four identical tryptophan subunits per mole
cule of the enzyme (3,6).
Pontremoli and co-workers presented evidence for the
location of the tryptophan containing peptides at the amino-
terminal end of the peptide chain. They concluded that this
1
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region of the molecule is essential to maintain the neutral
pH optimum (7). Because tryptophan is among the most highly
fluorescent of biologically occurring compounds, changes in
the fluorescence of the tryptophan residues can be used to
monitor conformational changes of the enzyme.
Advantage was taken of the presence of tryptophan as a
natural fluorophore in the amino terminal end of the protein.
This paper will include: 1) investigations of the effects of
exposure to urea on the structural properties of the enzyme,
2) effects of substrate addition, 3) effects of inhibitor,
4) effects of changes in pH, and, 5) effects of addition of
the metal cofactors Mn+2, Mg+^ and Co+2.
LITERATURE REVIEW
Fluorescence assay has been applied in many ways to
studies concerning: 1) the chemical composition of proteins,
2) the physiochemical properties of proteins and other
macromolecules, and, 3) the interaction of proteins with one
another and with smaller molecules. Many proteins possess
native fluorescence due to the presence of the aromatic amino
acids (phenylalanine, tyrosine, and tryptophan). Numerous
studies have been done on the tryptophan fluorescence of pro
teins. The only previous reports on FbPase are those of
Pontremoli et al. (7), Sarngadharan and Pogell (6), and Ben-
kovic (8), all of whom worked with rabbit liver FbPase.
I. Theory of Fluorescence
Fluorescence of the aromatic residues in proteins is
dependent upon the conformation of protein. Before discussing
fluorescence as it applies to specific proteins, it would be
useful to briefly discuss the theory of fluorescence. Fluores
cence is the emission of light from a molecule or atom following
the absorption of radiation (9). Fluorescence is the emission
of light from an excited singlet state to a ground singlet
state, whereas phosphorescence is the emission of light from an
excited triplet state to a ground singlet state, shown schema
tically in Fig. 1 (10). When a molecule is in the lowest
vibrational level of the electronic ground state, its inter-





Distance along critical ordinate
Fig. 1. Potential Energy Diagram.* The shape of the hyper-
surface along a critical coordinate for the ground
state So and the first excited singlet S^ and
triplet T^i states of a representative organic
molecule in solution are given. G is a point of
intersystem crossing, S^—>T]_.
♦Taken from J. Calvert and J. Pitts, "Photochemistry," John
Wiley and Sons, Inc., Somerset, N. J., 1967, p. 273.
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level. If an electronic excitation occurs, it will happen
so rapidly that no significant movement of the nuclei will
occur (the Frank Condon principle) (11). The transitions
will lead to vibrational states that have their maximum at the
internuclear distance close to the initial distance, and the
transition will be associated with that of a vertical line
(A—#B). Two things may occur: 1) all of the excitation
energy may be lost in a nonradiative manner, or 2) the mole
cule may lose some energy as heat and then reach the lowest
vibrational level of the excited state reradiating similar to
line (C —*D). When this happens, the emitted light will be
of lower frequency (and thus longer wavelength) than the ex
citing light, and fluorescence will be observed (11).
The energy diagram in Fig. 2 outlines the processes that
occur when a photon of energy is absorbed by a complex mole
cule in more detail (12). The molecule is raised from the
ground state to the excited electronic states where any of the
associated vibrational levels may be occupied. An excited
molecule can return to its ground state by any of the several
mechanistic paths shown in Fig. 2. The favored route is the
one that minimizes the lifetime of the excited state. Almost
all molecules drop very quickly (approximately lO"-^ sec) into
the lowest vibrational level of their excited state by means
of radiationless processes primarily involving molecular
collisions (vibrational relaxation).
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Fig. 2.* These transitions, between singlet ground level (So),
excited singlet states (S^ and S2) and their associ
ated vibrational levels (close-spaced lines above
levels), are involved in producing fluorescence and
absorption spectra. Phosphorescence phenomenon re
sults from transfer of energy to populate the first
excited triplet state (T^). All processes other than
fluorescence and phosphorescence are radiationless
energy changes. In excited molecules, kinetics of
the process dictate route of deactivation among com
peting processes., While S2 to So transition is pos
sible, it is not favored. Fluorescence is not
observed in those molecules where the favored route
for deactivation occurs completely by radiationless
quenching.
* Taken from F. W. Karasek, Res/Dev, 27, 28 (1976).
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excited states can reach the lowest vibrational state of a
lower level. Where the vibrational levels from different
excited electronic states overlap, and have the same potential
energy, internal conversion can occur. Here, the excited
molecule proceeds from the higher electronic states via a
series of vibrational relaxations, an internal conversion,
and then further relaxations.
When the molecules reach the lowest vibrational level
of the first excited state, the radiation of fluorescence can
occur when the electron returns to any of the vibrational le
vels of the ground state, with each transition involving radia
tion of a specific wavelength. The consequences of this
mechanism are two-fold. First, the fluorescence spectrum will
approximately mirror the absorption (or excitation) spectrum,
except that it will be displaced to longer wavelengths.
Second, although the intensity of the fluorescence spectrum
depends upon excitation wavelength, its spectral pattern is
independent of excitation wavelength (12).
Fluorescence involves energy changes in singlet electronic
states (electron spins paired), whereas phosphorescence involves
energy changes from triplet electronic states (electron spin
unpaired) to the singlet ground state. Intersystem crossing
and internal conversions are involved in populating the first
excited triplet level. Because the triplet-singlet transition
that produces phosphorescence has a low probability, phos
phorescence exhibits lifetimes of several seconds. Other de-
activation processes compete so sucessfully that this kind of
8
radiation is usually observed only at low temperature or in
very viscous solutions (12).
II- The Role of Tryptophan in FbPase
One of the aims of this paper is to define the conditions
that affect the fluorescence of tryptophanyl residues so that
predictions may be made of the chemical bonding and physical
environment of the residues in the enzyme. Because of the
sensitivity of the tryptophan fluorescence to environment,
changes in the environment of tryptophan can be used to moni
tor conformational changes of the enzyme.
Benkovic ert al. , in their studies with FbPase, defined the
role that tryptophan plays in neutral FbPase (8). The results
of the possible involvement of the tryptophan residue on enzyme
catalytic properties indicated that the presence or absence of
tryptophan has no effect on the enzyme assay system. This was
in agreement with an earlier observation (6) that chemical
modification of the tryptophanyl residues by reaction with
2-hydroxy-5-nitrobenzyl bromide has no observable effect on
enzyme properties. Addition of the tryptophan containing
insoluble precipitate to the various assay systems also failed
to show any observable change in enzyme properties (8). This
indicated the non-involvement of the tryptophanyl residue on
the catalytic function of the enzyme.
Although the presence or absence of tryptophan in neutral
FbPase does not appear to alter the catalytic properties of
the enzyme, the absence of tryptophan affects the susceptibility
of the protein to proteolysis in one important aspect. Treatment
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of the neutral FbPase with subtilisin resulted in rapid loss
of sensitivity to AMP inhibition without a complementary
increase in alkaline activity until later (8).
Pontremoli, in his studies on FbPase, suggested that
tryptophan appeared to determine the functional properties of
the native enzyme, probably by imposing constraints on its
secondary and tertiary structure (6). This hypothesis was
supported by the fact that both a shift of the optimum activi
ty to pH 9.2 and a substantially decreased susceptibility to
AMP inhibition result from the urea dependent unmasking of
tryptophan (6). Whether or not tryptophan has a direct func
tion in determining the properties of the native enzyme re
mains to be established.
Ill. Characteristics of Tryptophan Fluorescence
Pure tryptophan in aqueous solution has a fluorescence
emission maximum around 350 ntn, whereas the emission maxima
of tryptophan fluorescence in native proteins have been ob
served to vary from 332-342 nm, depending upon the protein.
No review of tryptophan fluorescence would be complete with
out discussing the phenomenon of energy transfer. Energy
transfer occurs between aromatic amino acid residues when
they are combined in peptides. Among the three aromatic
amino acids, transfer occurs from phenylalanine to tyrosine
to tryptophan. Tryptophan is the energy sink into which
absorbed radiation eventually localizes. This transfer of
energy occurs because there is an extensive overlap between
the fluorescence band of tyrosine and the absorption spectrum
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of tryptophan (13).
This transfer of energy may occur on both the singlet
and triplet levels. The most common type of energy transfer
is singlet-singlet transfer, which involves a normally fluo
rescent donor whose excitation energy passes to an acceptor
that may or may not be fluorescent. In order for energy to
pass from one molecule to another, certain spatial and steric
requirements must be met, and the emission spectrum of the
donor must overlap the absorption spectrum of the acceptor
(13). Forster provided a means of quantitating some of these
factors when he produced an equation for calculating R , the
critical transfer distance between donor and acceptor where
the probability of transfer was equal to the probability of
emission:
1.66 x 10-33 x tJ
n2 x Vo2
v
where t is the donor fluorescence decay time in the absence of
energy transfer, Vo is the mean of the positions of donor emis
sion and absorption spectral peaks in terms of wavenumbers,
Jv is the overlap integral, and n is the refractive index (14).
This energy transfer leads to fluorescence quenching.
Several people have performed studies on tryptophan quenching
and rendered many explanations. Parker and Rees (15) suggested
that one source of tryptophan fluorescence quenching is dis
solved oxygen. It is known that the fluorescence of most
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organic molecules in nonpolar solvents is strongly quenched
by oxygen, although the effect is usually negligible.
Tryptophan in the interior of a protein would, however, be
in an essentially nonpolar environment and could be quenched
by oxygen (15).
Proton transfer during the excited state has been postu
lated to be a major quenching mechanism for indoles (16).
Conceivably, loss of a proton could be facilitated by acceptor
groups in close proximity in proteins. Cowgill (17) postulated
that tryptophan fluorescence in peptides is mainly quenched
by the carbonyl group, but that the quenching is enhanced by
amino groups.
To understand tryptophan fluorescence quenching processes
occurring in proteins, White (18) performed fluorometric
titrations of tryptophan. Similar titrations were also done
by Gaily and Edelman (19). The results indicated that trypto
phan fluorescence is rather constant between pH 3.5 and 7.5,
decreases at lower pH due to the formation of an unionized
carboxyl group which is a quencher, and increases at higher
pH due to deprotonation of the NH group, also a strong quen
cher. At pH values higher than 10, quenching again occurred,
presumably due to abstraction of a proton from the indole
imino group nitrogen in the excited state (18).
This quenching of tryptophan has a definite effect on
the quantum yield for tryptophan. Previous studies of native
fluorescence from proteins have generally made use of 280 nm
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excited emission spectra. The quantum yield derived from
such a spectrum is called "protein quantum yield" (0p) and
will include fluorescence from tryosine as well as trypto-
phan (20). In order to obtain accurate information about
either tryptophan or tyrosine quantum yields, the fractional
absorption of each of these chromophores at 280 nm must be
known. A further complication is the possibility that exci
tation of tyrosine at 280 nm may give rise to tryptophan
fluorescence if transfer of the excited state can occur. To
alleviate this problem, Kronman and Holmes have studied tryp
tophan quantum yields of various proteins where excitation
was made at 295 nm (20). A summary of their findings is given
in Table 1. The results indicate three possibilities. First,
the tryptophan quantum yields for native proteins were both
higher and lower than that of the free amino acid and spanned
a five-fold range. No simple relationship was apparent between
exposure of the tryptophanyl side chain in proteins and the
magnitude of the quantum yield or of the position of the
emission maximum. The second possibility is that denaturation
of these proteins in 6M guanidine-HCl considerably narrowed
the range of values of yields. While reductions of the disul-
fide bridges altered the yield of several proteins, it appeared
to have no general effect, on narrowing the range observed with
a group of proteins, suggesting that either: (a) the amino
acid sequence around the tryptophan in a disrupted peptide
chain influences the yield, or (b) residual three dimensional
structure persists in reduced denatured proteins. Finally,
13






























































































^Excitation wavelength-295 nm, solvent, pH 7.0, 0.02 M
TRIS, unless otherwise indicated. The values given for quantum
yield and emission maxima were averages obtained from at least
two independently determined emission spectra. Repeatability
of Xmax was ±1 nm. The average deviation of individual deter
minations of yield from the mean were generally no worse than
±5%. The absolute accuracy is, of course, poorer than this.
cDenaturation in 6 M guanidine-HCl. Reduction of disul-
fide bridges as described in the experimental section. Fluo
rescence measurements made in 6 M guanidine-HCl.
Measurements made in pH 7.00, 0.02 M TRIS, 1 M NaCl.
eMeasurements made in pH 7.5, 0.02 M TRIS.
-^Measurements made in pH 4.00, 0.02 M acetate buffer,
since pepsin is rapidly denatured above pH 6.
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it is possible to demonstrate, using both 280 and 295 nm
excited spectra that tyrosine fluorescence, while weak, is
generally present in proteins. This data also showed that
transfer is a common occurrence in native proteins and
occurs with very high efficiency in a number of cases.
IV. Applications of Tryptophan Fluorescence
Tryptophan fluorescence has come into wide use as a tool
for studying protein structure. The wide variations found by
Teale (21) and Weber (22) among different proteins as to both
quantum yields and polarization spectra indicate that the local
environment of the tryptophan groups is an important factor in
their emission properties. Any major structural transition
of a protein which results in some important modification in
the environment of its tryptophan residues is reflected by
alterations in its emission spectra. Because of this, numer
ous studies have been done on the changes in the environment
of tryptophan residues as a function of changes in pH, de-
naturation, effects of inhibitor and substrates, and addition
of metal cofactors. Some of these studies will be discussed
in the following paragraphs.
A. Effects of pH
In fluorometric titrations of bovine serum albumin (BSA),
lysozyme and pepsin, Teale (21) found marked changes in in
tensity of fluorescence emission at certain pH values. The
fluorescence of BSA was quenched below pH 5 and also between
pH 7 and pH 9; these regions corresponded to conformational
15
transitions known from other physical methods. Lysozyme and
pepsin seemed relatively insensitive to acid down to pH 2,
a finding in agreement with their known stability to acids.
Helene and Brun (23) observed that one molecule of
tRNAVAL was bound per molecule of valyl-tRNA synthetase. This
binding has been shown to depend on the pH of the solution,
the association constant increasing by a factor of about ten
when the pH decreases from 7.0 to 5.5. Under the same pH
variation, the association constant of valine decreased by a
factor of ten. The fact that the binding sites for amino
acids and the tRNA interact kinetically suggests that the
same pH-induced variations caused opposite effects on the
binding of these two substrates. The only physical parameter
which has been shown to vary in this pH range is the fluores
cence quantum yield of the valyl-tRNA synthetase. The pK
deduced from the fluorometric titration curve is about 5.9,
corresponding to protonation of histidine residues or car-
boxyl groups. Tryptophan can form charge-transfer complexes
with protonated histidine in model oligapeptides of proteins
and when this occurs there is a quenching of the tryptophan
fluorescence with the pK varying between approximately 5.5
and 7.5.
Pontremoli e_t aJL. (7), in their studies with rabbit
liver FbPase, reported that the fluorescence emission spectrum
of the native enzyme when it was excited at 288 nm was
practically unchanged over the pH range 5.4 - 9.2, with a
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peak maximum at 341 nm. Thus, the polarity of the environ
ment of the tryptophan residues is unaffected by these
changes in pH. A pronounced quenching of tryptophan fluo
rescence was apparent from the low relative quantum yield at
pH 9.2 with Q = 0.06.
B. Denaturation of Proteins
Many proteins are now being studied with regard to their
tryptophan fluorescence. The denaturation of pepsinogen was
studied by various fluorescence methods by Edelhoch e_t al.
(24), who found that 8 M urea caused a time-dependent fall in
tryptophan fluorescence; kinetic analysis showed that the
drop had the same first-order rate constant as found by changes
in optical rotation.
Kronman and Holmes (20) found that guanidine salts offer
a distinct advantage over urea as a protein denaturant since
disruption of their characteristic three dimensional struc
ture can be achieved completely at much lower concentrations
of chemical additive. One cannot be certain that complete
denaturation has been achieved in the case of refractory
proteins at any urea concentration within the solubility
limits of urea, e.g., lysozyme still undergoes structural
changes when the urea concentration is raised to 10 M from
8 M (25).
Guanidine-HCl appears to have little or no effect on
tryptophan fluorescence, while at the minimal urea concentra
tion necessary for denaturation (ca. 8 M) the yield is
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increased by about 20 percent. Guanidine-HCl has no intrin
sic exaltation effect in contrast with urea, which exhibits
an appreciable effect of this kind. Thus, in addition to its
superiority as a protein denaturant, use of guanidine-HCl
is less subject to error arising from exaltation of the tryp-
tophan quantum yields.
Pontremoli et al. (7), found that rabbit liver FbPase,
upon exposure to concentrations higher than 2 M urea, produced
a progressive increase of the fluorescence intensity as well
as a shift of the emission maximum to higher wavelengths;
both effects being optimally observed at pH 9.2. Furthermore,
the relative quantum yield of tryptophan fluorescence in
creased progressively as the urea concentrations were in
creased, reaching a value of Q = 0.25 for enzyme in 5 M urea.
C. Effects of Substrate and Inhibitor
Irie and Pong (27,28) in their studies on ribonuclease
T-j^ found that binding of AMP and cAMP resulted in quenching
of tryptophan, which served as a tool for studying associa
tions stoichiometry. In contrast, staphylococcal nuclease
binds substrates and inhibitors with no change in trypto
phan fluorescence. Although the tryptophan residue is a
considerable distance from the active site, its fluorescence
has been used to follow the kinetics of configurational chan
ges by stopped-flow fluorometry (29).
Benkovic ejt al. , in their studies on FbPase, reported
a form of the neutral enzyme that did not contain tryptophan
and found that the enzyme's sensitivity to AMP inhibition
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decreases dramatically to 25 percent of the inhibition found
with neutral FbPase containing tryptophan (8). The observed
changes parallel closely the previous results for subtilisin
digestion of the neutral enzyme containing four moles of
tryptophan per molecule of enzyme except in one important as
pect (7). The decrease in the sensitivity of the protein to
AMP inhibition precedes an increase in alkaline activity.
For the FbPase which contains tryptophan, the converse was
observed: alkaline activity precedes the decrease in AMP
sensitivity.
D. Effect of Metal Ions
Protein fluorescence may also ,be influenced by the bind
ing of various metal ions. The quenching that is observed in
colored metal-ion complexes is clearly due to the radiation
energy transfer (13). This was the case in the binding of
copper and iron transferrin, which was studied by Lehrer (29).
Shaklai and Daniel (30) studied the hemocyanin from a mollusk
and found that the fluorescence of the tryptophanyl residues
would fluctuate with the oxygen content of the molecules,
since the quenching was stronger in the presence of the Co—O
absorption band. From the degree of quenching and the criti
cal transfer distance calculated from FSrster's theory, the
9 o
authors arrived at a trytophan-Cu"*"^ average distance of 25 A.
Metal ions that have no visible color also affect pro
tein fluorescence. Rogers (31,32) reported that Ag ion
quenched the fluorescence of glutamate and lactate dehydro-
genases by about 70 percent. The quenching was correlated
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with loss of enzymatic activity and with the reaction of
sulfhydryl compounds to form mercaptide absorption bands,
which are most intense below 250 nm but extend with suffi
cient intensity up to 340 nm to cause quenching of tryptophan
fluorescence by the energy transfer mechanism. Liver alcohol
dehydrogenase and ovalbumin were strongly quenched by Ag ion.
Metal ion effects on fluorescence have not been exten
sively studied, although there are many metal protein complexes
of interest and heavy metal derivatives are often made for
crystallographic studies. An example is that of papain, which
can be prepared in several Hg+2 containing forms. Arnon and
Shapira (33) compared the fluorescence of papain mercuripa
pain (a form with a mercuric ion complexed to the active-site
sulfhydryl) and papain with mercuric ion inserted in the
disulfide bridge connecting positions 43 and 152. Metal-
free papain had a much higher fluorescence yield than did the
mercury containing derivatives, and the degree of quenching
in the mercuripapain was greatest. No speculation on the
mechanism of quenching was offered, and the absorption of the
mercuric mercaptides of papain has not been reported.
EXPERIMENTAL
I. Materials
Frozen turkey livers were obtained from Pel-Freeze
Biologicals, Inc., Rogers, Arkansas. D-fructose 1,6-
bisphosphate (FbP) and adenosine 5'-monophosphate (AMP) were
obtained from Sigma Biochemicals, St. Louis, Missouri. Urea,
magnesium chloride, manganese chloride, cobalt chloride, and




Spectrophotometric absorption measurements were obtained
using a Coleman Model 124 double beam grating ultraviolet
visible spectrophotometer and a Cary 17 recording spectro
photometer. Matched Hitachi quartz cells were used (1 cm
rectangular). Fluorescence spectra were recorded using a
Perkin-Elmer Model 204 fluorescence spectrophotometer. This
grating instrument is designed to automatically record fluo
rescence and phosphorescence emission intensity versus wave
length in the ultraviolet and visible regions. A xenon arc
is used to excite the sample and a photomultiplier to detect
emmission. Two grating raonochromators permit rapid scanning
of both the excitation and emission wavelengths to identify
and isolate those most effective in making an analysis.
Automatic recording of intensity versus wavelength was
20
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performed on a Perkin-Elmer Model 056 strip chart recorder.
Fluorescence intensity may alternatively be displayed on a
built-in microammeter.
B. Protein Determination
The enzyme was obtained from and purified using the
method developed by Han et al. (34). The enzyme obtained
was lyophilized to bring the concentration up to 1.3 mg/ml.
After lyophilizing, the enzyme was further dialyzed for an
additional hr against Chelex-treated Tris HC1 to remove
heavy metals. The concentration of the purified enzyme was
then determined spectrophotometrically at 280 nm; a solution
containing 1.0 mg/ml dry wt of purified turkey liver FbPase
per ml in a light path of 1.0 cm has an absorbance of 0.75.
C. Fluorescence Studies
Tryptophan fluorescence spectra of purified native
FbPase were obtained under several conditions. All of the
following experiments were done with an excitation wavelength
of 295 nm to assure that there was no contribution from
tyrosine fluorescence. All of the samples were scanned over
a range of 250 - 430 nm, and were performed at room tempera
ture in the dark. The instruments used are described above.
All samples were made up in a 50 mM Chelex-treated Tris-HCl
buffer solution at the indicated pH. These experiments were
done as a function of:
i. pH. The spectrum of the native enzyme alone in a
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solution of 50 mM Tris-HCl was recorded at pH's
6.0, 7.0, 8.0, and 9.0. The pH was adjusted by
dialyzing the enzyme for 1 hr in a 50 mM Tris-HCl
buffer solution at the desired pH. The pH of the
Tris-HCl was adjusted with a 2N solution of sodium
hydroxide or a 2N solution of acetic acid,
ii. Urea. The spectrum of the native enzyme alone in
a solution of 50 mM Tris-HCl at pH 9.2 was recorded
as a standard for comparison of the enzyme plus
urea. These urea solutions were made up in 50 mM
Tris-HCl and the concentrations were calculated so
that the concentration of the solutions in the
sample cell were 2M, 4M, 6M, 8M, and 10M, following
addition of urea. A constant vol of 3.0 ml was
maintained in the cell at all times. After making
these urea solutions they were allowed 45 min - 1 hr
to completely react before scans were made,
iii. Substrate and Inhibitor at pH 7.0. The spectrum of
the enzyme alone at pH 7.0 was recorded as a stan
dard for comparison of enzyme plus AMP, enzyme plus
FbP, enzyme plus AMP plus FbP, and enzyme plus FbP
plus AMP. These samples were allowed 45 min - 1 hr
to completely react before scans were made. The
vol of the enzyme in the cells was 2.5 ml and the
vol of AMP or FbP was 0.5 ml, which was added to the
cell giving a total vol of 3.0 ml. In the case
where both AMP and FbP were added to the enzyme, a
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vol of 2.0 ml of FbPase was used and 0.5 ml of AMP
plus 0.5 ml of FbP were added. These experiments
were done at varying concentrations of AMP and FbP
(10 mM, 5 mM, 1 mil, and 0.1 mM). The same concen
trations of AMP and FbP were used simultaneously,
iv. Substrate and Inhibitor at pH's 6.0, 7.0, 8.0 and 9.0.
A spectrum of the enzyme at pH's 6.0, 7.0, 8.0 and
9.0 plus 0.1 mM AMP was recorded for comparison with
a spectrum of the enzyme plus 0.1 mM FbP at pH's 6.0,
7.0, 8.0 and 9.0. In each case, 2.5 ml of enzyme
was used plus 0.5 ml of AMP or 0.5 ml of FbP.
v. Metal Cofactors. The addition of the metal cofactors
Mg+2, Mn+2, and Co+2, were run as a function of time.
These ions were observed in their salt forms in
solutions of MgCl2, MnCl2, and CoCl2. All of these
experiments were done at 10 mM concentration of the
metal ion solutions. The vol of the enzyme used
remained constant at 2.5 ml plus 0.5 ml of the respec
tive metal ion solution. These experiments were done
at pH 7.0 with the spectrum of the enzyme alone at
this pH as a reference of standard.
The absorption spectrum of urea, AMP, and FbP, were re
corded in the range 225 - 400 nm to find out if any contri
butions were being made to the fluorescence in the presence of
these solutions. The results showed that none of these
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compounds absorb significantly in this region. Therefore,
any changes in fluorescence intensity upon addition of
the above compounds is not due to their absorption of the
exciting light.
RESULTS AND DISCUSSION
Fig. 3 shows the fluorescence emission spectrum homo
geneous FbPase in Tris-HCl at pH's 6.0, 7.0, 8.0 and 9.0.
The emission maximum is in the range 335 - 338 nm which is
characteristic of tryptophan in proteins. There is a 16
percent increase in the fluorescence intensity at pH 7.0, a
32 percent increase at pH 8.0, and a 43 percent increase at pH
9.0. These increases are in comparison to the intensity at
pH 6.0. Although there is a successive increase in the in
tensity upon increases in the pH, there is only a slight
shift in the emission maximum. This indicates that changes
in the pH have very little effect upon the polarity of the
environment of the tryptophan. This is in agreement with
results reported by Pontremoli £t aJ. (7).
Fructose 1,6-bisphosphatase has 36 phenylalanine and 46
tyrosine residues per molecule of enzyme and only 4 trypto
phan residues per molecule of enzyme. This ratio of trypto
phan to tyrosine makes it difficult to be sure that the
fluorescence being observed is entirely due to tryptophan.
Energy transfer among the aromatic amino acids occurs from
phenylalanine to tyrosine to tryptophan. An excitation wave
length in the range 280 - 290 nm shows fluorescence due to
both tyrosine and tryptophan. In this range of the excitation
wavelength, there is not a complete transfer of energy from
tyrosine to tryptophan. The absorption spectrum of the three
25
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Fig. 3. Tryptophan Fluorescence Emission Spectrum of
Native Turkey Liver Fructose 1,6-Bisphosphatase






























aromatic amino acids shows that at 295 nm tyrosine no longer
absorbs but tryptophan is in its range of maximum absorption
(35).
The fluorescence spectrum of FbPase alone and in the
presence of varying concentrations of urea were scanned as a
function of the excitation wavelength. The results show that
there is a progressive shift in the emission maximum of tryp
tophan in the presence of urea. This shift is more clearly
defined at an excitation wavelength of 295 nm.
Urea is a known denaturant of proteins. A number of
studies have been done on the changes in the environment of
tryptophan upon addition of urea (6-8,20,25,26). Among these,
there seems to be some discrepancy as to whether urea enhances
or decreases the fluorescence intensity. One point of agree
ment is that higher concentrations of urea cause a marked
shift in the emission maximum toward the red. Fig. 4 shows
the emission spectrum of FbPase at pH 9.2 with increasing
concentrations of urea. The excitation wavelength was 295 nm.
The emission maximum of the enzyme alone is 335 nm; upon
addition of increasing concentrations of urea there was a
progressive shift in the emission maximum to the red. Upon
addition of 10 M urea, the fluorescence intensity began to
increase with a shift in the emission maximum to 356 nm.
This indicates that the tryptophan fluorescence is quenched
at concentrations lower than 10 M, and the polarity of the
tryptophan environment is changing; i.e., the residues are
moving into a more hydrophilic environment.
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Fig. 4. Tryptophan Fluorescence Emission Spectrum of
Native Turkey Liver Fructose 1,6-Bisphosphatase
at pH 9.2 in the Presence of Urea at Concentra











Fig. 5-8 show the fluorescence emission spectrums of
the enzyme (FbPase) plus substrate (FbP) and inhibitor (AMP)
at varying concentrations. There is a decrease in the
fluorescence intensity upon addition of high concentrations
of AMP and FbP, but, at a concentration of 0.1 mM AMP,
there is an increase in the intensity. Both AMP and FbP
have a slight effect on the polarity of the environment of
the tryptophan, with AMP having the greatest effect. Table
2 shows a comparison of the average fluorescence intensity of
the enzyme alone and the enzyme in the presence of the FbP
with corrections made for the differences in the intensity of
the enzyme alone and the enzyme in the presence of AMP and
FbP. An increase in the concentration of FbP increases its
affinity for binding while a decrease in the concentration of
AMP increases its affinity for binding. Table 2 also shows
the effects that AMP and FbP have on the environment of the
tryptophans. A concentration of 1 mM AMP showed a greater
effect on the polarity of the environment of the tryptophans.
There is a shift of 7 nm in a more hydrophilic environment.
A concentration of 5 mM FbP shifted the tryptophan 3 nm in a
hydrophobic environment. Table 3 shows a comparison of the
average fluorescence intensity of FbPase alone to FbPase
with AMP added first followed by addition of FbP and to FbPase
with FbP added first followed by addition of AMP. Corrections
have been made for the change in the enzyme concentration.
There is a definite difference depending upon which species
32
Fig. 5. Tryptophan Fluorescence Emission Spectrum of
Native Turkey Liver Fructose 1,6-Bisphosphatase




































Pig. 6. Tryptophan Fluorescence Emission Spectrum of
Native Turkey Liver Fructose 1,6-Bisphosphatase











































Fig. 7. Tryptophan Fluorescence Emission Spectrum of
Native Turkey Liver Fructose 1,6-Bisphosphatase
































Fig. 8. Tryptophan Fluorescence Emission Spectrum of
Native Turkey Liver Fructose 1,6-Bisphosphatase






























Table 2. Comparison of the Changes in the Fluorescence
Intensity and the Emission Maximum of Fructose
1,6-Bisphosphatase in the Presence of AMP and
FbP to the Fluorescence Intensity and Emission

































































































Table 3. Comparison of the Changes in the Fluorescence
Intensity and the Emission Maximum of Fructose
1,6-Bisphosphatase in the Presence of Both AMP
and FbP to the Fluorescence Intensity and the
Emission Maximum of the Enzyme Alone.










































































is added first. Table 3 also shows the changes in the emis
sion maximum of the enzyme in the presence of both AMP and
FbP. The enzyme in the presence of AMP followed by addition
of FbP shifts the tryptophan to a hydrophilic environment,
with the greatest effect being at a concentration of 1 mM AMP
and 1 mM FbP. The enzyme in the presence of FbP followed by
AMP exhibits the greatest effect at a concentration of 5 mM,
where there is a shift of 3 nm into a hydrophobic environment.
Fig. 9 shows the fluorescence emission spectrum of FbPase
at pH's 6.0, 7.0, 8.0 and 9.0 in the presence of 0.1 mM AMP.
At this concentration of AMP there is very little effect on
the poiarity of the environment of the tryptophans. At pH
6.0 a slight shift in the emission maximum toward the blue can
be observed. Fig. 10 shows the fluorescence emission spectrum
of FbPase at the same pH's as above in the presence of 0.1 mM
FbP. The FbP has a slightly greater effect on the environment
of the tryptophans at this concentration. The emission maxi
mum at pH's 6.0, 7.0 and 8.0 is shifting toward the blue. This
shift indicates that the tryptophanyl residues are moving in a
hydrophobic environment.
Fig. 11-13 show the fluorescence emission spectra of the
enzyme at pH 7.0 with addition of 10 mM Mg+2, Mn+2, and Co+2
respectively. There is a*successive decrease in the fluores
cence intensity upon addition of Mg+2 with an increase in time.
There is no further change in the intensity after 45 minutes,
but after 30 minutes there is a shift of about 5 nm toward the
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Fig. 9. Tryptophan Fluorescence Emission Spectrum of
Native Turkey Liver Fructose 1,6-Bisphosphatase
















Fig. 10. Tryptophan Fluorescence Emission Spectrum of
Native Turkey Liver Fructose 1,6-Bisphosphatase



































Fig. 11. Tryptophan Fluorescence Emission Spectrum of
Native Turkey Liver Fructose 1,6-Bisphosphatase
































Fig. 12. Tryptophan Fluorescence Emission Spectrum of
Native Turkey Liver Fructose 1,6-Blsphosphatase































Fig. 13. Tryptophan Fluorescence Emission Spectrum of
Native Turkey Liver Fructose 1,6-Bisphosphatase































red. The Mn causes a successive decrease in the
fluorescence intensity with very little or no shift in the
emission maximum. The Co+2 also causes a decrease in the
fluorescence intensity as the time increases, with a pro
gressive shift in the emission maximum toward the blue, the
maximum shift being 7 nm. Table 4 shows the ratio of the
average fluorescence intensity of the enzyme in the presence
of the metal cofactors and the enzyme alone with corrections
made for the difference in the fluorescence intensity. Table
4 also shows the ratio of the average emission maximum of the
enzyme in the presence of the metal cofactors as a function
of time to the emission maximum of the enzyme alone. These
results indicate that the metal ions do affect the environment
of the tryptophanyl residues. Mg+2 shifts the tryptophanyl
residues in a polar environment. The shift with Mn+2 is so
small that it is negligible. The Co+2 has the reverse effect
of the Mg+2: it shifts the tryptophanyl residues in a non-
polar environment.
The data obtained from this study and all spectral ob
servations indicate that FbPase does undergo conformational
changes under the conditions reported. Tryptophan fluorescence
can be used to monitor conformational changes of the enzyme
and as an aid in the determination of the enzyme's structural
properties.
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Table 4. Comparison of the Ratio of the Fluorescence
Intensity and the Emission Maximum of Fructose
1,6-Bisphosphatase in the Presence of 10 mM
Mg+2, Mn+2 and Co"1"2 as a Function of Time to that
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